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USE OF ARBITRARY QUASI-ORTHOGONALS FOR CALCULATING
FLOW DISTRIBUTION IN THE MERIDIONAL PLANE

OF A TURBOMACHINE
by Theodore Katsanis

Lewis Research Center

SUMMARY
/230 ¢

A method of analyzing flow through a turbomachine is presented that is
suitable for computer programing. It is assumed that a mean stream surface
from hub to shroud between blades is known. On this stream surface a two-
dimensional solution for the velocity and pressure distributions is cbtained,
and then an approximate calculation of the blade surface velocities is made.
This method is based on an equation for the velocity gradient along an arbi-
trary quasi-orthogonal rather than the normal to the streamline as used in pre-
vious methods. With this new method a solution can be obtained in a single
computer run, even for cases where the distance between hub and shroud is great
and there is a change in direction from radial to axial within the rotor. The
method was successfully applied to a turbine with this type of geometry. These
results are given as a numerical example, and the Fortran computer program is

included. /éﬁﬂﬁﬂf/i’

INTRODUCTTION

Quasi-three~dimensional methods have been developed for analyzing flow
through mixed-flow turbomachines. One such method (ref. 1) is based on the as-
sumption of axial symmetry and on an equation for the velocity gradient along
the normal to the projection of the streamlines on a plane containing the axis
of rotation. This basic method was used (ref. 2) to redesign the hub-shroud
profile of a compressor rotor. The results of reference 3 showed improved per-
formance for impellers redesigned by this method. A computer program using
this method for the design of pump impellers is described in reference 4. 1In
reference 4, the same velocity gradient equation given in reference 1 is de-
veloped without the assumption of axial symmetry but with the assumption of a
known stream surface that extends from hub to shroud. The examples used in the
aforementioned references were all compressors or pumps, but the method is
equally applicable to turbines.

These methods use streamlines and their normals to establish a grid for



the solution. In cases where the distance between hub and shroud is great and
there is a large change in flow direction within the rotor, however, the nor-
mals vary considerably in length and direction during the course of the calcu-
lations. Therefore, 1t becomes difficult to obtain a direct solution on the
computer without resorting to intermediate graphical steps. The use of nor-
mals, however, is not essential to the method, and it appeared possible to
overcome this difficulty by the use of a set of arbitrary curves from hub to
shroud instead of streamline normals. These arbitrary curves will be herein-
after termed quasi-orthogonals. The quasi-orthogonals are not actually ortho-
gonal to each streamline, but merely intersect every streamline across the
width of the passage. The quasi-orthogonals remain fixed regardless of any
change of streamlines. By using this technique, it appeared possible to de-
velop a computer program that would calculate the velocity and pressure distri-
butions without any intermediate graphical procedures even for turbomachines
with wide passages and a change of direction from radial to axial within the
rotor blade.

In view of these considerations, a method of analysis utilizing quasi-
orthogonals in lieu of streamline normals was developed. This report presents
the analysis method and contains a discussion of the numerical techniques re-
quired for obtaining solutions with a digital computer. The computer program
developed during this study is included. As a numerical example of the appli-
cation of the analysis method, a radial-inlet mixed-flow gas turbine of high
specific speed is analyzed. ©OSuch a turbine, which may have application in gas
turbine cycle space power systems, has a rotor-channel geometry for which this
method, as compared to previous methods, can yield a guick and direct solution.

METHOD OF ANALYSIS

The analysis to be presented herein is basically the same as those pre-
sented in references 1, 2, and 4. As pointed out iIn the INTRODUCTION, the
major difference is the use of fixed arbitrary quasi-orthogonals rather than
streamline normals to establish a grid for the solution. Another difference is
that the reference analyses were based completely on the assumption of isen-
tropic flow, while in this analysis a correction for a loss in relative total
pressure is included in the continuity equation to account for blade losses.

This analysis, as that of reference 4, is based on the assumption of a
mean flow surface between blades. In general, this surface is assumed to be
parallel to the mean blade surface, with arbitrary or empirical corrections
made to take care of the difference between the flow angle and the blade angle
at the inlet and at the outlet. One factor that is not accounted for by this
assumption is that the actual mean stream surface twists considerably in a
mixed-flow turbine. Despite this assumption, however, reference 3 shows the
value of the analysis method by the improved performance of compressors re-
designed in accordance with this assumption. Reference 5 shows that a two-
dimensional solution for a particular compressor, when compared to a three-
dimensional solution, gives values of the through-flow component of velocity
that are of sufficient accuracy for engineering analysis. For convenience, the
mean stream surface is projected on a plane containing the axis of rotation.



This plane is called the meridional plane. The projections of the streamlines
on the meridional plane are called meridional streamlines.

Analytical Eguations

Equations (1) and (2) give the velocity gradient along an arbitrary quasi-
orthogonal in the meridional plane

1
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The coordinate system and the notation are shown in figures 1 and 2. (All
symbols are listed in appendix A.) Equation (1) is derived in appendix B.

The value of the parameters hi and
A associated with a point inside the rotor
is the value of that parameter at the inlet
for the streamline which passes through
that point. Then dhj/ds refers to the
total enthalpy at the inlet as a function
of the distance along the arbitrary meri-
dional quasi-orthogonal near the point in
question.

\\r\StreamIine

~Arbitrary quasi-
orthogonal

| | -

Figure 2. - Component of relative velocity W, normal to
fFigure 1. - Coordinate system and velocity components, arbitrary quasi-orthogonal.
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In this analysis, the
arbitrary quasi-orthogonals
were chosen to be straight
lines from hub to shroud
(see fig. 3). At the inlet
and outlet, the lines were
chosen as the leading and
trailing edges, resvectively.

In addition to egua-
tion (1), which is a force
equilibrium equation, the
continuity equation must be
satisfied. This is done by
requiring that the calculated
welght flow across any line
from hub to shroud be equal
to the specified weight flow
through the turbomachine.
For this the density must be
known. TIf the velocity is
known, the density may be
calculated by equations (3)

to (5) following. Egqua-
tion (B9) is
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which gives the static density at any point once the velocity is known if inlet
total cconditions are specified.

To account for losses, it is necessary to make a correction to the above
calculated density.

One way to do this i1s to assume a loss in relative

total
pressure Ap", which is a measure of the loss in efficiency. Then

p = (%)p" = (1>l/(r_l) p"  _ (T)l/(Y-l) plsen - 0"
o

" RT” ~ \T"

RT"
<T>l/(Y-l) o (T)l/(‘r-l) Ap”
AT isen ~ \T" BT
- @y (%)1/<r-1> o (B) e

or

L R = I

This gives the static density with a specified loss in relative total pressure.

The temperature ratios can be calculated from equations (3) and (4). It is
assumed that inlet total conditions are known.

Welght flow across a quasi-orthogonal can now be computed by

s
w=0N f pW,r A6 ds (s)
0

is the angular distance between blades and W, 1is the component of
W normal to the surface of revolution generated by the fixed line. From
figure 2, it can be seen that

where A6

W, = W, cos (¥ - a)

(7)
To get AB, use is made of the fact that
2n te
AG: _N’——-I—'- (8)

where tg 1s the tangential thickness.
blade surface t, 1s specified,

- e2(2) 2(2) (5)

If the thickness normal to the mean



Note that here 06/dr and 06/3z refer to the mean blade shape and not the
assumed mean stream surface. Eguations (3) to (5) and (7) to (9) give the nu-
merical data for equation (6), which can be integrated by use of a spline fit
approximation (see appendix C).

With the velocities on the mean stream surface calculated, blade surface
velocities can be calculated by any of several approximate methods. One method
that gives good results, when compared with a relaxation solution of the po-
tential flow equation for a surface of revolution, is based on absolute irrota-
tional flow and linear velocity distribution between blades. The following
equations based on these assumptions are equations (18) and (17) of refer-
ence 6.

cos BZ cos Py { oW

4 .
Wt = Tos By + cos By |cos By + rotan By - tan By) + dm [(ru‘+ Wsin B)r Aej}

(10)
Wy = 2W - Wy

The derivative can be evaluated by use of a spline fit curve.

Equations (3) to (5) and the equation of state can be used to calculate
the static temperature, density, and pressure on the blade surfaces.

Nunerical Technigques and Procedure

The first step in the analysis is the numerical evaluation of the param-
eters a, B, re, 08/dr, 36/dz, dr/ds, dz/ds, dWp/dm, and dWg/dm for use in
equations (1) and (2). 1In order to evaluate the parameters o, B, and Trc &
streamline geometry must be established. First fixed straight lines (quasi-
orthogonals) are drawn from hub to shroud along which the velocity gradient for
an assumed stream surface will be determined. For an initial approximation to
the streamlines, each gquasi-orthogonal can be divided into a number of equal
spaces, as shown in figure 3. The success of the method i1s based on the fact
that, for a reasonable assumed streamline pattern, the geometrical streamline
parameters involved are not too different from those of the final solution.

Bg means of a spline fit approximation (see appendix C), dr/dz and
dzr/dz can be determined at each of the points established. Then

a1 &

a = tan iz

and

(11)



The reciprocal of the radius of curvature (the curvature) is computed to avoid
division by zero in case dzr/dz2 = 0.

For the remaining parameters, the mean stream surface 0 = 6(r,z) between
blades 1s needed; it must be given in such a manner that BG/BT and 06/0z
can be determined at any given point. The spline fit curve can assist in this.
When BG/Br and 59/52 are known, [ can be calculated from

. _ 40 _ (o6 dar  98dz)_ (96 . , 96 ‘ (12)
an B =r am = T\ST am S5z am) = F\& sina 3, cos a

For the initial calculation, W may be assumed constant throughout the rotor.
From figure -, it is seen that

W, = Wecos B
and
Wg = W sin B

Since the distance along the meridional streamline m is known, 4w, /dm and
dWe/dm can then be determined by the spline fit curve. Since dr/ds and
dz/ds are determined by the angles of the quasi-orthogonals, all the quanti-
ties necessary for the calculation dW/ds from equation (l), except W it~
self, are now determined.

The next step is the numerical integration of equation (l), which is in
the form

dw
d—s- = f(W, S)

where f 1is known only for a finite number of values of s. For a given ini-
tial velocity on, say the hub, the velocity distribution along the quasi-
orthogonal can be approximated by

where the subscripts denote the number of the streamline, and As is the dis-
tance along the quasi-orthogonal between streamlines. For an improved esti-
mate, a Runge-Kutta method can be used. The following is a particular Runge-
Kutta method that is well adapted for this case. Let
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This avoids an obvious bias due to using the derivative at the beginning of the
interval (see fig. ¢) and gives a higher order approximation. For a mathema-
tical analysis and error estimate, see reference 7. For the calculation of the
quantity (dW/ds)j, equation (1) is used with the parameters calculated for the
jth streamline and Wj. To calculate (dW/ds)j+1, the parameters calculated for
the (j + l)st streamline are used and W*+l is used for the velocity W in
equation (1). J

It should be noted that this method of integrating equation (l) involves
much less computation than solving equation (1) directly and then numerically
evaluating the resulting integral (e.g., eq. (9) in ref. 1). This is espe-
cially helpful for hand computation and is also helpful in simplifying computer
programing. Accuracy is probably comparable; the method used here certainly
gives satisfactory accuracy if the streamlines are spaced closely enough so
that the velocity does not vary more than about 30 percent between streamlines.
In the numerical example, the results using five streamlines did not differ
appreciably from those using twenty streamlines.

Completing this computation for a gquasi-orthogonal from hub to shroud re-
sults in the complete velocity distribution along that line based on the ini-
tial estimate of the velocity on the hub. Equations (3) to (5) and (7) to (9)
can be used to compute the integrand in equation (6). The numerical integra-
tion can be performed by use of a spline fit approximation (see appendix C).
The computed total weight flow is then compared with the actual weight flow.

If the computed weight flow is too
small, the velocity on the hub is
increased, and vice versa. Then

the velocity distribution and the
/~ Actual Wiy P4 L ¥ weight flow are recalculated. The
= £ - Gﬂ As computed weight flow is a function
% _ Approximation to \GS /1 of the assumed hub velocity;
k4 (Weq + W) therefore, after two values of
e Wiy = 1 eg)AS weight flow are computed, linear
E W f interpolation or extrapolation can
g | — - be used to get an improved esti-
5 S Wiy Wi mate for the hub velocity. A few
As ( l iterations will determine the hub

velocity that will give the cor-

Distance along arbitrary quasi-orthogonal, s !
’ y rect weight flow.

Figure 4. - Approximation to solution of differential equation dWids = fiW, s).
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—O~— Obtained by Inverse From equation (6) the weight flow
g Com‘;ﬁ;‘e’g'?:")‘::eq. @ distribution along the quasi-orthogonal
S from hub to shroud can alsoc be obtained.
Inverse interpolation (by a spline fit
approximation), can be used to determine
the spacing of the streamlines on the
quasi-orthogonal that will give equal
weight flow between any two adjacent
streamlines (see fig. 5). When this is
done for every quasi-orthogonal from in-
let to outlet, a new estimate for the
meridional streamline pattern is ob-
tained. This pattern, together with the
calculated velocity distribution, can
then be used for further iterations;
however, using this estimate generally
results in overcorrection. Therefore,
only a fraction of the calculated cor-
rection was made. Another problem is
the tendency for the newly computed
A i 7 streamline to be less smooth than the
| . — previous streamline. If a computation
| Mean blade surface is based on a set of streamlines that
-2 T~ are not extremely smooth, the calculated
> streamline corrections become erratic.
Assumed mean stream surface [~ Thus it is important to be sure that the
0 T streamline estimate to be used for the
N following iteration be as smooth as pos-
\\\ sible. Several methods of accomplishing
“2___»____“:Tfmfﬁmsmﬁ“ AN this have been tried. The method that
R AN was successful for the cases tried was
to use a streamline correction at each
N point of one-tenth the calculated cor-
L A rection. With this the streamlines re-
N mained smooth, and a solution was
0 2 4 6 8 10 reached in a single computer run, re-
Axial coordinate, z, in. quiring about 50 iterations. Computer
Figure 6. - Mean stream surface for numerical example. execution time was 2 minutes (on the
IBM 7094). The computer program used
for this together with the listing of computed results for the numerical ex-
ample are given in appendix D.
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NUMERICAL EXAMPLE

The procedure outlined herein has been programed for solution on a digital
computer. The following results were obtained for a particular turbine. The
hub-shroud profile and quasi-orthogonals are shown in figure 3, together with
the equally spaced streamlines used for the initial assumption. The blade has
radial blade elements with the blade shape indicated in figure 6. There are
13 blades, with no splitter blades. The rotational speed was 51,500 rpm, and



the fluid was air. The weight flow was 0.984 pound per second, inlet total

~ temperature was 592° R, Vg at the inlet was 1010 feet per second, and the
total inlet pressure was 42.5 pounds per square inch. The normal blade thick-
ness was given by means of tabulated values on a grid. Blade thickness at any
given point was obtained by linear interpolation. It was assumed that hi and
A are both constant from hub to shroud.

At the inlet, the flow surface was assumed to deviate from the blade sur-
face in order to agree with the flow direction coming into the rotor. This
angle at the inlet was -35°. The meridional streamlines are approximately ra-
dial at the inlet, so that the stream surface was assumed to be independent of
z where it deviates from the blade surface. The & coordinate was assumed to
vary as the cube of r (and independent of z) for a given distance from the
inlet. Let rp denote the radius where the mean stream surface is assumed to
deviate from the mean blade shape. Eguation (13) of reference 6 gives an ap-
proximate equation for determining 1y, which may be written as follows:

ry = r; e-0-71 40

The equation of the stream surface for r > ry 1is

o= (r - ry)5 tan By

sry(r; - rb)z

which, when differentiated, becomes

ég . (r - rb)2 tan By (14)
cr ri(ry - rp)?

Static pressure
Intet [ Reference total inlet pressure

~Arbitrary quasi-
/ orthogonai

W . _ Relative velocity
¢j  Speed of sound at inlet

~ Computed stream-

Outiet

Figure 7. - Meridional projection of mean stream Figure 8. - Static pressure contours on mean stream  Figure 9. - Relative velocity contours of mean stream
surface for numerical example. surface for numerical example. syrface for numerical example,
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80— 7T This is used in equations (2) and (12)
s00 L when r > ry but not in equation (9),
N Y/ since equation (9) refers to the blade
40 \ 74 h For th ical 1
- 7 shape. or e numerical example, 1y
xn\\\~——~\‘ ~ — A is about 1.60 inches. At the outlet it
tel is assumed that the mean stream surface
N e et f would follow the blade. There was also
200> s q7[{4__”__53££f“msur“e_ assumed to be a 2.5-pound-per-square-
S ———— Pressure inch loss of total relative pressure,
40 (mpuﬂl““’““J*‘J““ varying linearly from inlet to outlet.
i — T The calculated streamlines are
o T — ~ shown in figure 7. Since the solution
2 400 L — 1 4 is restricted to the rotor blade, the
= L L streamlines near the outlet do not show
= a0 B B s = “ the effect of downstream geometry. Some
g . T of the other calculated information is
- S R W shown in the figures following. Fig-
£ A0 - ures 8 and 9 show lines of constant
= {b) Mean surface of revolution. ; .
€ 0 pressure and constant relative velocity,
while figure 10 shows blade loading dia-
1200(— - -+ SR A//\‘ grams at the hub, the mean surface of
/ revolution, and the shroud.
1000
V ~_]
800 — j— Figure 8 shows that the pressure
~ 1///" 47 level is always decreasing in the direc-
an_ﬂ”//, % i tion of flow. This is, of course, nor-
400 S e # mal for a radial turbine. In figure 9,
/ it is seen that velocities are generally
zn\\ A increasing, except along the hub near
o= Z the inlet where they decrease slightly.
200 Though not desirable, this can be toler-
0 .2 .4 6 8 10 ated because of the favorable pressure
Percent of distance along meridional streamline gradient. More serious are the negative
{c) Shroud, velocities in the blade loading diagrams
Figure 10, - Blade loading diagram for numerical example, (fig. 10). This indicates an eddy on

the trailing surface of the blade near
the inlet, which would result in turbulence and mixing losses. Also, a severe
decreasing velocity gradient is indicated on the suction surface near the hub
and near the shroud. This could lead to flow separation with accompanying high
losses.

CONCLUDING REMARKS

A method of analysis of turbomachines is presented that is suitable for
computer programing. The method and the results are similar to that obtained
by other streamline analysis methods (e.g., refs. 1, 2, and 4). The difference
here is that velocity gradients are given along arbitrary quasi-orthogonals,
rather than the normal to the streamlines as has been done in previous methods.
The value of the method lies in the fact that a solution can be obtained in a

11



single computer run even for cases where the distance between hub and shroud

is great and there is a change of direction from radial to axial within the
rotor. The method was successfully applied to a turbine with this type of
geometry. These results are given as a numerical example, and the Fortran com-
puter program is included in appendix D.

A more accurate hub-to-shroud analysis could be made by using information
from a blade-to-blade streamline analysis. A blade-to-blade analysis would
give a better approximation to the mean stream surface and also would give the
blade~to-blade streamline spacing. Continuity would then be checked between
the two hub-to-shroud stream surfaces instead of between blades.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, September 15, 1964
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APPENDIX A

SYMBOLS
parameter, eq. (2)
parameter, eq. (Bl4)
parameter, eq. (2)
parameter, eq. (Bl4)
parameter, eq. (2)
parameter, eq. (Bl4)
stagnation speed of sound at inlet, ft/sec
specific heat at constant pressure, (ft)(1b)/(slug)(°R)
parameter, eq. (2)
any function
acceleration due to gravity, ft/se02
static enthalpy, (ft)(1b)/slug
distance along meridional streamline, ft
number of blades
distance along normal to meridional streamline, ft
absolute static pressure, lb/sq ft
loss in relative total pressure between inlet and any point
distance along arbitrary three dimensional curve, ft
gas constant, (ft)(1b)/(slug)(°R)
radius from axis of rotation, ft
radius at which assumed stream surface is tangent to mean blade shape
radius of curvature of meridional streamline, ft

distance along arbitrary quasi-orthogonal in meridional plane, ft

13



T temperature, °R

t time, sec

th blade thickness normal to blade mean surface, Tt

tg blade thickness in circumferential direction, ft

u unit vector

v absolute fluid velocity, ft/sec

W relative fluid velocity, ft/sec

W weight flow crossing surface of revolution generated by gquasi-orthogonal
between hub and given point on guasi-orthogonal

X x-coordinate

y y-coordinate

z axial coordinate

a angle between meridional streamline and z-axis, radians

B angle between relative velocity vector and meridional plane, radians

T ratio of specific heat

6 relative angular coordinate, radians

A6 angle between blade surfaces at given point, radians

A prerotation riVGi’ sq ft/sec

o) mass density, slugs/cu ft

P absolute angular coordinate, radians

¥ angle between guasi-orthogonal and radial direction, radians

W rotational speed, radians/sec

Subscripts:

i inlet

isen isentropic

J number of streamline

14



A leading surface

m component in direction of meridional streamline
n normal component

r radial component

s shroud

t trailing surface

X X=-component

y y-component

Z axial component

e tangential component

Superscripts:

vector quantity

! absolute stagnation condition

" relative stagnation condition

15



APPENDIX B

DERIVATION OF THE VELOCITY GRADIENT EQUATION

Euler's force equation for a nonviscous fluid is
= e = (B1)

This 1s simply expressed as three scalar equations in fixed rectangular coordi-
Jates x, y, and z. To reduce the problem to a steady-state condition, equa-
tion (Bl) should be expressed in
~ - sin o), terms of the relative velocity W
_Ll;j“\\\\\ and the pressure gradient relative
/////// | to a rotating cylindrical coordi-
| i nate system r, 6, and z. The no-
: tation u, 1is used to denote a
: y - unit vector in the x direction;
| o leos oluy similar notation is used for the
(05 ol J , ~(sin ou. Obher coordinates. It should be
My 7 ! “Y noted that the directions of the
! - — —
! a7 vectors ur and ug are functions
of t as well as of ¢. It is
seen from figure 11 that

Figure 11. - Relations between unit basis vectors in absolute rectangular
coordinates and relative cylindrical coordinates,

T, = (cos @)T, + (sin @)ﬁ&

(B2)
g = - (sin @)W, + (cos @)ﬁ&
Differentiating equation (BZ) results in
au,. v
I _sino ¥z 4. Y _dp- 0=
at S1n @ Fy Ux * o8 P T Uy = g¢ Yg = T Yo
(B3)
dig ao — aP — Vo _
a—=—COS(Pa%U.X-S1nCP'd%uy=—?UT
Since V = VpO, + Vi, + V,¥,, equation (B3) can be used to get
av  a(vpd,) N a(vgtg) . a(v,u,)
at ~  at at dt
Ve ViV Ve @_ L We
T3 Yo Tagr Yo T T W T gr Yz
av,. A 1 d(rvg) —  av, —
= |2 - 2Ly 2 ———u, + —=1u (B4)
(dt r)r r 4t & qr ?
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The pressure gradient will now be expressed in the relative coordinates.
For the fixed cylindrical coordinates r, @, and gz,

WeRL IR R,

Note that actually E¢ = Ug, when @ and 6 refer to the same point (uw
varies with time, since @ varies with time for constant 6). Also

dp/dp = dp/d6, since O3p/08 = 1. This gives

w- BT, + LR T+ B, (85)

Noting that Wy = Vi, W; = V; and Vg = Wg + wr, substituting equa-
tions (B4) and (BS) in equation (Bl), and equating coefficients of T., Ty, and
T, result in

2
dwr ) (We + (ll'[') - i gﬁ (BBa)
dt r p Or
a(rW, + ard)
1 2 1 9
R (B6b)

aw
Z 1
_d‘t = - E ?; (B6C)

Now an expression for the directional derivative of the relative velocity
in any direction will be derived. The parameters in this expression require
the knowledge of the streamline passing through a given point; however, once
the streamline is known, the velocity gradient in any direction can be com-
puted.

If q denotes the distance along an arbitrary curve, the directional de-
rivative of the pressure p along this curve is

d Op dr Jdp d6 Op d
3q = 5 ag * 35 43 * O% dq

Using equations (B6) gives

Lap _ [P (Wg +ar)® oy aleWp + ar®) qo Wy gy
“pa T |® T T aq & aqta® ag OB
Equation (B7) is an expression for the pressure gradient in the q direction.
It is necessary to find a relation between the velocity gradient and the pres-
sure gradient. This is easily done under the assumption that the flow is isen-~
tropic, so that
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Now multiplying equation (B6a) by Wp = dr/dt, equation (B6b) by Wg =r ae/at,
and equation (B6c) by W, = dz/dt then adding and combining terms yield

— ——————— o —

which is the energy equation for isentropic flow. Integrating from the inlet
along a streamline results in

We - We = o?(r? - r§) - 2(h - by) (B8)

Since V, = W, and Vg = Wg + ar,

V2 -V = W - WE = WP - VB + 2Vyur - ofrf
or
Ve = We 4 2Vgur - afr?

hence, at the inlet,

. VE W? + 2wA - a?r?
Substituting this for hy in equation (B8) gives
2.2 2
- W
h=hj - o\ + = (B9)

Since the flow is assumed isentropic, differentiating results in

dhs
L QR h i an (JJZ dW
o dg ~ dq  dq q dq

Substituting this equation in equation (B7) yields

2
a1 ean, |efr, 1 S (Wg + ar) -(1_{+£d(rwe+mr2)d_@_+£dwzg
W W at W dq W at dq * Wadt dg

(B10)

Note that W, = W cos B and
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Using this and differentiating W, = W, sina and W, = W, cos a result in
dw. 2 2 aw.
dtr - W cosrg cos @, o sin o cos B ®;n )
& (B11)
dwz We cosZB sin a dWp
Er To + W cos a cos B aﬁ—‘J
Also,
a(rvg) a(rWg + riw) aw
% dte =-% St =I‘COSB__dme"'WSin(lCOSBSinB+2rwsinq,cosB
(B12)

Using equations (B11l) and (B12) and the fact that Vg = Wy + ar, and
Wg = W sin B in equation (Bl0) gives

Tt
dh
W _ g dr,pdz 48 L% S dA (B13)
dag dgq dag dg W \dg dq
where
\
W cosZB cos a W sinzB AWy

+ ad _m .
o T sin a cos B Im 2w sin B

2 . aw.
_ ¥ cos'B sin a + cos a cos B = > (B14)

ra dm

b =

dw
¢ =Wsina cos B sin B + r cos B(T—Q + 2w sin a)
dm
J
The meridional plane analysis is concerned with the projection of the
curve ¢ onto the meridional plane. This projected curve will be the quasi-
orthogonal. Letting s denote the distance along this meridional projection,
then

1
W daWw 4 dr dz a6 1 fdby dA
5" dg s " *HTPEHteH Ty <ds - EE) (B15)
If the line s 1s a normal to the meridional streamline, then s = n,
dr/ds = dr/dn = cos a, and dz/ds = dz/dn = - sin a, and equation (Bl5) reduces

to equation (B24) of reference 4.
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The quantities dr/ds

and dz/ds

in equation (Bl5) are determined by the

parametric equations for the arbitrary curve in the meridional plane, r = r(s),

in the actual

and z = z(s). The gquantity d@/ds refers to the change in 6
curve q. If the curve q 1lies on a hub-to-shroud surface, which can be de-
fined by 6 = 6(r,z), then

a6 _ 96 dr , 96 dz

ds dr ds dz ds

(B16)

By substituting equations (B14) and (B16), equation (BlS) can be rewritten in

the following form:

'
aw dr dz dr dz dhj any 1
= = e+ B2_2WHC=+D ==t — - =)=
ds (A ds B ds)w ¢ ds D ds (ds ® ds> W
where
2 . 2
A= S92 C cos”B _ sin”p + sin o sin B cos B gg )

Te

B = -
Te

dw.
C =

D = cos a cos B

sin « coszB

. m . dWg . o8
sin a cos B e 2w sin B + r cos B a}r-+ 20 sin a 3

dw,
dm

aw
=+ r cos B(——g + 2 sin

, . 0
+ sin a sin B cos B Py

6
am <) Sz y

(1)

(2)

Equation (1) is writter. in a form that is convenient for numerical solu-

tion.
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APPENDIX C

USE OF SPLINE FIT CURVES

If a set of function values corresponding to a set of arguments is given,
there are several ways a curve can be fitted through these values so as to ap-
proximate the original function with these values. The classical way is by an
nt -degree polynomial for n + 1 points. This may not be satisfactory, how-
ever, for a large number of points, especially for computing derivatives or
curvature at end points. Another technique is to use fewer points to determine
some sort of piecewise polynomial, but this does not lead to a smooth curve. A
method that has received much attention recently is the piecewise cubic, with
matching first and second derivatives, commonly referred to as a spline fit
curve. Since for small slopes, the second derivative approximates the curva-
ture of a function, the strain energy of a spline can be approximately mini-
mized by minimizing S [f"(x)]2 dx, where f(x) denotes the curve described by
the spline. The spline fit curve has this property. This is proven in refer-
ence 8. Thus the spline fit curve is a mathematical expression for the shape
taken by an idealized spline passing through the given points. In reference 8,
a simple procedure is outlined for determining the spline fit curve when the
coordinates of the points are given together with two arbitrary end conditions.
The end condition actually used in the computer program was that the second
derivative at an end point is one-half the second derivative at the next point.
This is equivalent to bending the spline beyond the last polnt slightly, in-
stead of just letting 1t be straight. The spline fit curve provided a simple
analytical method of determining many of the parameters in the equations. The
spline fit curve was used to determine first and second derivatives, curvature,
interpolated function values, interpolated derivatives, and for integration.

One further point concerning the spline fit should be mentioned; that is,
the approximation to an actual spline curve is dependent on the slope not being
too large. Experimentally, good results are obtained if the absolute value of
the slope is not greater than one. In applying this method to streamlines on =
radial turbine, there is a problem since the angle may be around -90° at the
inlet. This is easily overcome by rotating the coordinate axes 45° so that the
maximum slope is about one.
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APPENDIX D

FORTRAN PROGRAM USED FOR NUMERICAL EXAMPLE
Description of Main Program

The FORTRAN program listed herein is the one used in the numerical ex-
ample. It is written in FORTRAN IV and was run on an IBM 7094 digital com-
puter. The program closely follows the steps given in the section on numerical
procedure. The list of program variables preceding the program indicates the
equation that is used to calculate a variable or the equation in which 1t is
used. In the program, the number of the streamline is denoted by K and the
number of the quasi-orthogonal by I. The inlet or the hub is denoted by 1.
The program is written so that all linear measurements are in inches, angles are
in degrees, and pressure is in pounds per square inch for both input and output.
Units are changed to feet and radians for computation in the program. All other
quantities are in the units specified in appendix A.

It will be noted that a complete listing of input data cards is printed
out. In the sample program, for example, the listing gives all the data used
as input for the program. All input statements precede the comment card
END OF INPUT STATEMENTS.

Program Variables and Definitions

A temporary storage

AB(J) temporary storage

AC(J) temporary storage

AD(J) temporary storage

AL(I,K) a

AIM A (input variable)

AR R (input variable)

B temporary storage

BA(K) total weight flow between hub and Kt streamline

BCDP integer (input variable); 1 will give DN, WA, Z, and R as output

on cards in binary form after final iteration, for use as input
for alternate conditions; O will cause this to be omitted

BETA(I,K) B
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BETAD
BETAT
BETIN

C

CAL(I,K)
CBETA(I,K)
CEF

CI

CORFAC

COSBD
COSBT

CP
CURV(I,K)
DELBTA{TI)
DELTA
DENSTY
DN(T,K)
DRDM( T)
DTDR( I)
DTDZ(I)
DWMDM( T)
DWTDM( I)
E

ERROR

ERRORL

Bys ea. (10)

By, ea. (10)

Bs (input variable), eq. (14)
temporary storage

cos o

cos B

tan B/ry(r; - rb)z, eq. (14)
c.

1

percentage of calculated streamline correction to be used for next
iteration (input variable)

cos By, eq. (10)

cos Bt’ eq. (10)

l/rc

B, - By, eq. (10)

calculated streamline correction (fig. 5)
pPg

distance along quasi-orthogonal from hub
é% [(rwo + W sin B)r AB8], eq. (10)

36/dr, eq. (2) and (12)

36/dz, eq. (2), (9), and (12)

aW_/am, eq. (2)

dwe/dm, eq. (2)

temporary storage

maximum calculated streamline correction for present iteration
(fig. 5)

FRROR from previous iteration
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EXPON

GAM

ITER

NPRT
NULL
oMC
PLOSS
PRS(I,K)
PSI

R(I,K)

24

1/(r-1), eq. (5)

temporary storage

Y (input variable)

increment along quasi-orthogonal in r-direction
increment along quasi-orthogonal in z-direction

subscript to indicate number of quasi-orthogonal, 1 at inlet and
MX at outlet

code number for use by subroutine CONTIN

number of iterations to be performed after ERROR is less than TOLER
or after FRROR has started to increase (input variable); if
ITER = 0, data will be printed for every iteration; if TTER > O,
data will be printed only for final iteration

subscript

subscript to indicate number of streamline, 1 at hub and KMX at
shroud

number of streamlines (input variable)

KMX - 1

number of r values of TN in thickness table (input variable)
number of values of THTA in table of 6 against z (input variable)
number of fixed lines (input variable)

number of z values of TN in thickness table (input variable)
data is listed for every (NPRT)th streamline (input variable)
dummy variable, not used

1. - CORFAC

Ap"  at outlet (input variable), eg. (5)

b

¥, eq. (7)
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RB
RC

RH(T)

RHO

ROOT
RS(I)
RUNO
SA(T,K)
SAL(I,K)
SB(I,K)
SBETA( I,K)
s¢(1,K)
SD(1,K)
SFACT

SM( T,K)

SRW

THTA(J)

™(J,K)

TOLER

TP

TPP1P

ry (input variable), eq. (14)

l/rc

r-coordinate of hub (input variable)
pig (input variable)

Jz

r-coordinate of shroud (input variable)

integer, run number

A, eq. (2)
sin a
C, eq. (2)
sin B
B, eq. (2)
D, eq. (2)

blade multiplier to allow for splitter blades (input variable)

distance from inlet along meridional streamline

integer (input variable) that will cause subroutines to write out
data for certain values, used in debugging; SRW = 13 causes

SPLINE to write

t.. (interpolated)

n
Ti (input variable)
6 (as function of z) (input variable), blade shape (fig. 6)

ty (input variable), first subscript refers to z-coordinate,
second subscript refers to r-coordinate

if maximum calculated streamline correction is less than TOLER,
iterations are considered to have converged and desired output is
printed (input variable)

r 36/3z

T"/Ti, eq. (4)
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TQ r 06/or
Tr(I,K) tg, eq. (9)

TYPE integer (input variable), used as code to indicate how arrays DN,
WA, Z, and R are given initially
O - These quantities will be calculated by program
1 - These gquantities are given as input on binary cards
2 - Quantities just computed for previous case will be used for
next case (Used only when more than one case is calcu-
lated on single computer run)

T1P T/T, eq. (3)
W w (input variable)

WA(I,K) W, egs. (1) and (13)

WAS W*, eq. (13)

WASS Wx%  eq. (13)

WT total weight flow

WTFL(K) calculated total weight flow between hub and Kth streamline,
eq. (6)

WIHRU Wy, ea. (7)

WTOLER If |WIFL(KMX) - WF| < WIOLER (input variable), then velocity dis-
tributions used for computing eq. (6) is accepted as solution to
eq. (1)

WIR(I,K) Wy, eq. (10)

XN N (input variable)

XR(J) r-coordinate of TN in thickness table (input variable)
XT(J) z-coordinate of THTA for blade shape (input variable)
Xz(J) z-coordinate of TN in thickness table (input variable)
Z(I,X) z

ZH(T) z-coordinate of hub (input variable)

Zs(1) z-coordinate of shroud (input variable)

Z SpPLIT z-coordinate where splitter ends (input variable)
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10

20

30

4¢

Fortran Program Listing

COMMDON SRW

DIMENSION AL(21521)9BFTA(21921)sCALI(21s21)sCRFTA(21421)

ICURV (21921 )sDN(21321)9PPS(21921)sR{21421)152(21621)sSM(21421)
25A022921)95B121921)s5C(21421)sSD(21921)9SAL(21421)9SBFTA(21921)
3TN(2121)sTT(21421)sWA(21421)4WTR(21,421)

DIMFNSION AB(21)sAC(21)sAD(21)sBA(21)sDELBTA(21)sDRDM(21)
1DTDR(21)eDTDZ(21) sDWMDMI21) oDWTDMI(21) sRHI21)sRS(21)9ZHI(21)+25(21)
2THTACZ2Y) sWTFL{21) sXRU21)4XT(21)4X7(21)

INTEGER RUNDSTYPE sBCDP 4 SRW

RUND=0
READ (591010 IMX s KMX sMR sMZ s W WT 9y XN s HAM AR
ITNO = 1

RUNO=RUNDO+1

WRITE (64+1020) RUNDO

WRITE (6s1010)IMXsKMXsMR sMZ sWeWT s XN s GAM AR

READ (551010)TYPEsBCDPsSRWsNULL s TEMPJALM4RHD, TOLERSPLOSSsWTOLER
WRITE(6+1010)TYPESBCDP s SRWaNULL s TEMP JALMRHD y TNLFR,PLOSS WTOLER
READ (551010)MTHTASNPRT s ITERSNULL sSFACT+ZSPLITSRETINSRB,CORFAC
WRITE(6s1010)MTHTASNPRT s ITERSNULL 9SFACTsZSPLIT+BETINSRB,CORFAC
READ(54,103M){ZS(1)s]1=14MX)

WRITE(61030)(2S(1),1=1,MX)

READ(S,1C30)Y(ZH(I) s 1=14MX)

WRITE(E,10230)(ZH(T)sI=1sMX)

READ(541030)(RS(I)s1=14MX)

WRITE(Es1C3NI(RS(I)sI=1sMX)

READ(S,1230) (RH{T1),41=14MX)

WRITE(6s1C20)(RHIT)sI=14sMX)

DO 22 1=14MX

ZS(I1)y=25(01y)1/712.

ZH(I)Yy=ZH(1)/12.

RS(I)=RS(I)/12.

RHIT)=RH(I)/12,

IF(TYPELNELO)Y GO TO 40

WA(1s1) = WT/RHO/(ZS(1)=ZH(1))/3.14/(RS{1)+RH (1))

DO 30 1=1,MX

PNCTsKMX)=SQRT((ZS{T)}=ZH{TI) ) ¥ %2+ (RS(T)-RH(T))**2)

DO 20 K=1,KMX

DN{TsK)=FLOAT(K=1)/FLOAT(KMX=1)#DN(]IsKMX}

WALTSK)=WA(1s1)

Z{TsK)Y=DN(TIsK)Y/DNUI JKMX)®(ZSTII)=ZH(I))+2H(])
RITsK)=DN(TsK)/DNII$KMX)®{RS(I)=RH(I)I+RH(T)

GO 10 50

IF(TYPEWNELY1Y 0O TO 145

CALL BCREADIDNI1s1)sDN(21,421))

CALL BCREAD (WA{1s1)sWA(214+21))

CALL BCREAD (Z(1s1)s2(214211))

CALL BCREAD (R(1s1)sR(21,421))

WRITE (651040}

READ (5+1C30){THTA(I)sI=1sMTHTA)

WRITE (6+s103C)(THTA(I)sI=14MTHTA)

READ (5510201 (XT(I),1=1,MTHTA)
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WRITE(6+1030)(XT(I)YeaI=1sMTHTA)
0O 60 K=1sMR
READ (5510301 (TN(I+K)sI=1,M2Z)
63 WRITE (649103C)(TNIIsK)sI=14MZ)
READ  (5,51030)(XZ(1)s1=14MZ)
WRITE (651020)(XZ(1)s1=1sMZ)
READ (54510230)({XR{1)s1=14MR)
WRITE (6s1030) (XR(I)sI=1,4MR)

END OF INPUT STATEMENTS

SCALING-CHANGE INCHES TO FEET AND PSI TO LB/SQ FTs INITIALIZE,
CALCULATE CONSTANTS

NGNS NANANA

70 DO 90 K=1,MR
DO 8C I=1,MZ
80 TN{TsK) = TN(I.K)/12.
S0 XRIK) = XR(K)/12e
DO 100 I=14MZ
10C XZ{1) = XZ(1)1/12.
DO 110 K=1,KMX
110 SM{14K)=0,

BA({1)=0.
DD 120 K=2,4KMX
12C BA{K) = FLOAT(K=1)*WT/FLOAT(KMX -1)

DO 130 I=1,MX

130 DN(Is1)=0.
DO 140 I=1,MTHTA

140 XT(I)=XT(I)/12
ROOT = SQRT(2.0)

145 CONTINUE
TOLER =TOLER/12,.
RB=RB/12.
ZSPLIT = ZsPLIT/12.
PLOSS=PLOSS*144,
CI = SQRT(GAM*AR*¥TEMP)
WRITE (6,1050) CI
KMXM1 = KMX-1
CP=A\RXGAM/ (GAM=1,)
EXPON = 1a/(GAM=1,)
BETIN -BETIN/57.29577
RINLET = (RS(1)+RH{1))/2.
CEF=SIN(BETIN)/COS(BETINY/RINLET/(RINLET~RB)*%2
ERROR=100000.

BEGINNING 0OF LODP FOR ITERATINMS

OEANS!

150 IF({ITEREQ.0) WRITE (6,1060) ITNO
IF{ITEREQs0) WRITE (6,107C)
ERROR1=ERROR
ERROR=0.

START CALCULATION OF PARAMFTERS

A NaNA

DO 2230 K=1,4KMX
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O NN

DO 160 I=1,MX
AB(T) = (Z(I1+K)Y=RI(1,K)Y)/ROOT
160 AC(IN=(Z(1sK)+R(1I,K))/ROOT
CALL SPLINF (ABsACIMX AL (1K) yCURVI1,4K))
D 170 1=1,MX
CUPVIT oKI=CURV T sK) /11 4+AL(TsK)*%2)%%],5
AL(TsX) = ATAN(ALI(I,K))~,785298
CAL (T 4¥) COS(AL (I 4K
170 SAL(T,K) SINIAL(T 4K
DO 180 I=2,MX
180 SM(TsK) = SMIUI=1sK)+SQRT({Z (I oK) =Z(T=14K))#X24(R(14K)=P({I=1sK))**
1 29
19N CALL SPLDERIXT(1)sTHTA(LIYsMTHTASZ (1K) sMXsNTD7{1})
DO 220 I=14MX
CALL LININT{Z(I4K)sR{TIsK)sXZsXRsTNs214s21,T)
IF{R{I4K)aLE.RRYGO TO 200
DTDRI{I)=CEF#(R(1+sK)—-RB)#*#%2
GO TO 210
200 DTDR{I)=0.
210 TQ=R(I,,K)¥DTDR(I1)
TP = R{I,K)Y*¥DTDZ (1)
TT(TIsK)=T*#SQRT(1++TP*TP)
BETA(I sK)=ATAN(TP*CAL(T,K)+TQ*SALI(I K}
SBETA(T sK) = SIN(BFTA(IsK))
CBETA(I.K) = COS{(BETA(I,4K))
SA(1sK)Y=CBETA(I K)*%2%CAL (] 9K)%*CURVI(T 4K )=SBETA(T $KI¥%X2/R (1K} +
1SAL{TI s K)*¥CBETA(T»K)#SBETA(IK)*DTDR{ 1)}
SCUTsK)=-SAL(TsKIH#CBETA(T oK) #%2%HCURV{ T 4KI+SAL (T sKI*¥CBETA(T $K)
1#SBETA(T Ky 2DTDZ (1)
ABII)=WALT K)*¥CBETA(] 4K
220 ACUIY=WA{T,K)¥*¥SBETA(I 4K)
CALL SPLINE(SM(1sK)sABsMX sDWMDM4AD)
CALL SPLINE(SM(1+K)sACsMXsDWTIDM,AD)
[FC(ITERCLESO) e ANDs (MOD(K=13NPRT)«EQae0)) WRITE (6,1080) K
DO 230 I=14MX
SBUITsK)=SAL(TsK)*¥CBETAII 4K)%DWMDM( 1) =2 ,#¥WXSBETA(ILKI+DTDR( I *
IR(T yKIXCBETA(TI sKI X (DWTDM( T ) +2 4 #¥W*SAL(T 4K ))
SDOT+K)=CAL(TsK)%¥CBETA(TI sK)¥XDWMDM(I14DTOZ (1) #
IR(TIZSKI¥CBETA(T K I ¥ (DWTDMIT ) +2 « #¥WHSAL(T 4K
IF((ITER«GTL0)eORea (MOD(IK=14sNPRT)eNF0Q)IGD TO 230
A= AL (1+K)*57,29577
B= SM(IsK)*12,
E= TT(I+K)%*12,
G=BETA(]+K)%*57,29577
WRITE (6+1090) AsCURVI(IsK)sBsGyF, SALT oK) 9SBIUIsK) eSCITsK)9SDI(T4K)
230 CONTINUE

END OF LODP - DARAMETER CALCULATINN
CALCULATE BLADE SURFACE VELOCITIES (AFTER CONVERGENCE)

IF(ITER.NE.O) GO TO 260

DO 250 K=1,KMX

CALL SPLINE (SM(1sK)»TT(1sK)sMX,DELBTALAC)
A=XN
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OO D

30

DO 240 1=1,MX

240 AB(II=(R{TsK)RWHWALTsK)#SRETA(LSK) 1 ¥(6.28318B6%¥R(TsK)/ A-TT(I,K))
CAL'. SPLINE (SM({1sK)sABsMXsDRDMsAC)
IF (SFACT.LFe 1.0) GO TO 245
A = SFACT*XN
DO 244 1=1,MX

204 AB(I)=(REISKI¥WHWALTSKI¥SBETA(T K I%(6.2R3186¥P(1,K)/ A-TT(1,4K))
CALL SPLINE (SM(1sXK)sABsMX,AD LACQ)

245 DO 250 [=1,MX

BETAD = BETA(ISXK)-DELRTA(T)/2.

BETAT = BETAD+DELBTA(I)

C0sBD = COS(BETAD)

COSBT = COS{BETAT)
IF(Z(14K)ebLTeZSPLIT) DRDM{I) = ADI(I}

WIR(I4K)=COSBOXCOASBT/(COSPLHCNSET IR (24 ¥ WA (T 94K ) /COSBDHR (T 4K ) #WH
1(BETAD-BFTAT)/CRETA(T sX ) ¥%¥2+DRDM( 1))
250 CONTINUE

END 0OF BLADE SURFACE VELOCITY CALCULATIONS
START CALCULATION OF WEIGHT FLOW VSe. DISTANCE FROM HUB

260 DN 37N I=14MX
IND=1
DB 270 K=1,4KMX
270 AC(XK)=DNI(I 4K}
GO T 29C
280 WA Is1)=a5%¥WA(I,1)
26D DO 300 K=2,KMX
J=K-1
HR=R{ I 4K}Y=R(Is+)
HZ=Z(14K)Y=72{(1sJ)
WAS=WA(T s J) ¥ (1 e4+SALTsJY*HRASCITI 4 J)I¥HZI+SBIT s JIX¥HR+SD( Ty ) %HZ
WASS=WALT s J)+WASK (SA(I4K)*HR4ASC{I 4K )*¥HZI+SB(1 s X )I¥HR+SD(],4K) *¥H7Z
300 WAL TsK)I=(WAS+WASS)/ 2.
310 DO 2340 K=1,KMX
TIP= 1o~ (WA(T oK )H¥242 (HWRALM= (WHR (I ,K))%#%2)/2,/CP/TEMP
IF(TIP.LT««0) GO TO 280
TPPI1P= 1. (2o ¥WHALM— (WHR (1 ,K))¥%2)/2,/CD/TEMP
DENSTY=T1P*#EXPON*¥RHI~(T1P/TPP1D) **¥EXPON®¥P| NSS/AP/TPPIDP/TEMD
1 #22417%¥SM(1,4K)/SM{MX,sK)
PRS{ISKI=DENSTYHARXTIDXTEMP/32,17/144,
IF(ZS{T)eLELZH(I))Y GO TO 320
PSI=ATAN((RS{I)=-RH(I))Y»/(ZS(]1)=ZH(I)))=1.5708
GO 710 330
320 PSI=ATAN{(ZH(I)=Z2S(I))/(RS(I)Y=RH{I)))
2230 WTHRU=WA (I ¢K)¥CBRETA(T +K)%*COS(PSI-AL(T4¥))
A=XN
IF(Z{T4K)eLTeZSPLIT) A=SFACT*XN
C = 64283186%¥R{T14K)=A#TT (14K}
340 AD(K)Y=DENSTY*WTHRUxC
CALL INTGRL{AC(1)sAD(1) +XKMXeWTFLI(1))
IF (ABSIWT-WTFL(KMX))sLE.WTOLER) GO TO 350
CALL CONTIN (WA(Ts1)sWTFL{KMX)sINDsIsWT)
IF (INDeNEL&)Y &0 TO 290



OO N

350

360
370

CALL SPLINT

(WTFLsACsKMX s BA s KMX,4yAB)

DO 360 K=1,KMX

DELTA=ABS(AB(K)=DN(T,sK))
DN(TsK)=(14~CORFAC)*DNI(T,K)+CORFAC¥AB(K)
IF(DELTALGTL.ERROR)ERROR=DELTA

CONTINUE

END OF LOOP -

3€0

400

WEIGHT FLOW CALCULATION
C/LCULATE STREAMLINE COORDINATFS FOR NFXT

ITERATION

DO 3P0 K=2,4,KMXM]

DL 380

I=1sMX

Z{TsK)=DNITsK)/DNCT JKMXI¥(ZS{T)~-ZH(I)Y+ZH(T)
RITsK)=DN(TsK)/DON{T 4JKMX)I¥(RS(TI)=RH(T))I+RH(T)

[IF(({ERRORGESERRIR]1)«OR«(ERRORLLETOLER))
IF{ITERGT 0O}
(641100}

WRITE

ITER=ITER-1
en 70 410

DO 400 K=14KMX4NPRT

WRITE
DO 390

(6+1080) X
[=14MX

ABII)=(Z(I,K)=R(1sK))}/RODT
ACIT)Y=(Z(TsK)4R(I,K))/RONOT

CALL SPLINE

(AB»ACSMX AL (1,K) sCURV (1K)}

DO 400 I=14MX
CURVIT sK)=CURVITsK) /{1 e+AL(TK)#*2)%%1,5
A=DN(T4K)*12,

B:
D:
WRITE
WRITE
A=ERRNO*%*12,
WRITE
ITNO=1TNO+1
IF

TALL BCDUMP
CALL BCDUMP

(65,1120

(ITER.GESL Q)
IF(BCDP.NEL1)

Z(14K)*¥12,
RITIsK)*12,
(651110}
{6,1130C)

AsBsDsWA(T sK) sPRSITsK) sWTR(TsK)sCURVI(IsK)

ITND A

c0 TO 150

GO T0 10
(DN(1s1)sDN(21s21))
(WA(L191)sWA{21421))

CALL BCDUMP (
CALL BCDUMP (
GO T 10

42n
1010
1020
103¢
1040
1050
1060
107D

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
1X5HSE

1080 FORMAT
1090 FORMAT
1100 FORMAT

Z01lsl)s Z2(21,21))
R{lsl)s R(21521))

(41546F10e4)
(8HIRUN NOeI3510Xs25HINPUT DATA CARD LISTING )
(7TF10e4) b
(10X24HRCD CARDS FOR DNsWAsZsR )

{36HK STAGe. SPEED 0OF SOUND AT INLFT =
(/7//5X13HITERATION NOL.I3)
{1H 6X5HAL 9X5HRC 9X5HSM
IXSHSC GXBHSD }
(2X10HSTREAMLINFI3)

(9F14.6)
{1HL9X5HDN

9F9-2)

9XBHBETA O9XBHTT OX5HSA S

15X5H2Z 15X5HR 15X5HWA 15X5HPRS  14X3HW

1TR1I4X3HRC )

1110 FORMAT

112¢ FORMAT
1F10.56)

1130 FOFUAT
FND

(6F19.65F1846)

(18H ITERATION NO. 13,10Xs24HMAXs STREAMLINE CHANGE = ,

(1HJ)
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Description of Subroutines

The subroutines SPLINE, SPLINT, SPLDER, and INTGRL are based on the spline
fit curve (see appendix C). SPLINE gives the first and second derivatives,
SPLINT is used for interpclation, SPLDER is used for interpolated values of the
derivative, and INTGRL is used for numerical integration of a function given at
unequally spaced points. The calling sequences for these subroutines are as
follows:

CALL SPLINE (X,Y,N,SLOPE,EM)

where

X input array

Y input array, function of X

N input, number of X and Y values given

SLOPE  output array, first derivative, aY/aX

EM output array, second derivative, dZY/dX2

CALL SPLINT (X,Y,N,Z,MAX,YINT)

where

X input array

Y input array, function of X

N input, number of X and Y values glven

Z input afray, values at which interpolated function values are desired
MAX input, number of Z values given

YINT output array, interpolated values

CALL SPLDER (X,Y,N,Z,MAX,DYDX)

where
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X input array

Y input array, function of X

N input, number of X and Y values given

Z input array, values at which the derivative is desired
MAX input, number of Z values given

DYDX output array, derivatives at each 2

CALL INTGRL (X,Y,N,SUM)

where

X input array

Y input array, function of X

N input, number of X and Y values given

x(1)
SUM(I) output array, f Y DX
X(1)

The subroutines SPLINE, SPLINT, SPLDER, and INTGRL are as follows:

SUBROUTINE SPLINE (XsYsNsSLOPF MY

DIMENSION X(50)sY(50)3S(50)0A(50)sBI5N)sCI50)yF({50)sWI(50)s5B(50),

1G(50)sEM(50) s SLOPE(50)

coMMON Q

INTEGER Q

DO 1C 1=24N
10 StI)=x{(I)=-xX(I-1)

NO=N-1

DO 20 1=2,ND

A(1)=5(1)/6.

BII}Y=(S(I}+S(I+1))/3.

C{1)=S(1+11)/6.
22 FOI)=(Y(I41)=Y(I))/S{TI+1)=(Y(I)=Y(I=-1))/S(])

A(N)==45
B(l)=1.

B(N)=1.
Cll)y==e5
Ftl)y=0.

FI(N)=0,
wWi(l)=B(1)
SBL1)Y=C(1)/W(1)
Gli)=C.

DO 30 I=2,N
W{I)=B(I)-A(])%SB(I-1)
SBUIY=C(I)/wlI)
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230 GUIN=(FIIY=A(TY%*GITI-1))/WI(T)
EMINY=G(N)
PO 40 1=2N
K=N+1-1
40 EMIK)I=G(K)}=SBIK)¥EM(K+1)
SLOPE({1)==5(2)/6e%¥ (2 *FEM{1I+EMI2))+(Y(2}-Y (1)) /5(2)
DOSC I=2sN
50 SLOPE(I)=S{1)/6¢*¥(2¥EM{TI+EM(I-1))+(Y()=Y(I=-1))/5(])
IF (QeEQel3) WRITE (651003 Ne(X{I)sY(I)sSLOPE(T)sEMIT)»I1=1+21)

100 FORMAT (2X15HND. CF POINTS =13/10X5HX 15X5HY 15X5HSLNPELISX5H
1EM /L4F20487))
RETURN
END

SUEROUTIMNE SOLINT (XsYsNs7 sMAXSYINT)
DIMENSION X(50)sY(50)sS(50)sA(50)sBI50)sC(50)sF(50)sWIBC)sSBIB0)
1G(50) sEM{B0Y)$Z2(50)sYINTI(5D)
COMMON Q
INTEGER @
L0 10 1=2N
10 S{l)y=x(tIy=X(I-1)
NO=N-1
DO 20 1=2,4N0
AlTY=S(1)/6.0
BLIN=(S(IY+S(I+1))/3.0
ClIN)=S(I+1)/6.0
20 F{I)=(Y(I4+1)=-Y(IMN/S{I+1)-(Y(1)=-Y(I-1))/S(1])
A(N)Y=—,
Bily=1l.0
BiN)=1.0
C{ly=-.%
F(l1)=0.C
FIN)Y=0,4,0
wily=e8(1l)
SB(1)y=C(1)y/wW(l)
G(l1)=0.0C
DD 30 1=2sN
WiI)=B(I)-A(1)®*sB(I-1)
SR{IY=ClIV/W(T)
30 G(I)=(FII)-ACTY®G(I=-1))/WI(I)
EM(IN)=GI(N)
DO 40 1=2,N
K=N+1-1
40 EM{K)Y=GI(K)=-SB(K)Y*¥EM(K+1)
DO 99 I=14MAX
K=2
IF(Z(IY=X{1)) 6Ns5C,70
5N YINT(I)Y=Y (1)
50 70 9C
60 TFIZ{1)elTel(lel®¥X(1)=ol1*¥X(2))IWRITE (645100032 (1)
GD TO 85
1000 FORMAT (17H OUT OF RANGE Z =F10.6)}
65 IF(Z(1)eGTal(lel®X(N)—al1%¥X(N=1))) WRITE (6510001Z2(1)
K=N
GD TO RS
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70 TF(Z(1)=X{K)) B5575,80
75 YINT(I)Y=Y(K)

GO TO 90
8) K=K+1
IF{{~N) 7047065
85 YINT(I) = EMIK=1)®(X(K)=Z(I))¥%3/564/S(K)+EM{KI®¥(Z([)=-X{(K=1))%%3/6,

1/75(KY+(Y(K)Y/SIK)—EMK)¥S{K) /6 ) ¥ {Z (1) =X(K=1))}+(Y{K=1}/S(K)-EM(K~1)
2ESUK) /60 ) ¥IXIKY=-2HT))
90 CONTIMUF
IF(QsFEQa16) WRITE(651010) NoMAX s (X{T)sY(I)sZ(T)sYINT(I)sI=1sN)
1010 FORMAT (2X21HND. OF POINTS GIVEN =s13430Hs NO. OF INTERPOLATED POI
INTS =5135/10X5HX 15X5HY 12X11IHX=INTERPOL9X11IHY-INTERPOL./ (4
2E20.8))
100 RETURN
END

SUBRDOUTINE SPLDFR{XsYsNsZ sMAX $DYDX)
DIMENSION X(50)sY(503)sS(50)sA(50)+B(50)sC(50)sF(50)sW(50)+SBI30)>
1G(5C)sTM(50)+2(50)sDYDX{50)
DO 10 1=24N

10 S(I)Yy=xX(I)=-X(tI-1)
NO=N-1
DO 20 1=2sND
A(T)=S(1)/6.0
BII)=(S{I)+S5(I+1))/3.0
C{I)y=S(I+1)1/6.0

20 FUIY=(Y(I41)=Y(I))/SEI+1)—(Y(I)=Y{I-1))/5(])
A(N)I==,5
B(1)=1.0
B(N)=1,0
C(l)==.5
F{1)=0.0
FIN)=Ce0
Wil)y=B(1)
SB1y=C(1li/w(l)
G(1)1=0,0
DO 20 1=24N
WII)=B(I})-A(I)*SB(]-1)
SBOIY=C(TI) /W]

30 GIIY=(F{I)=-ALTI#G(I=-1))/W(I)
EM{N)=G(N)
DO 40 1=24N
K=N+1-1

40 EMIK)=G(K)=-SB(K)#*EM(K+1)
DO 9r I=14MAX
K=2
IFCTEII=X{1)) 60470470

60 WRITE (6,1000)7 (1)

1300 FORMAT (17H QUT OF BLADE 7 =F10.,6)

GO TOD 85

65 WRITE (6,1N00C)Z (1)
K =N
cn TN a8

70 TF(Z2(1)=X(K)) 85488,48D

AN K=K+1
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IF(K=NY T0,70465
85 DYDX(I)=-EM{K=-1)*¥(X(K)=Z(I))¥%2/20/S(K)+EM{K)#(X(K=11=-2(1))1%%2/2,
10/7S{KY+ Y (KY=Y(K=1))/S(K)=(EM(K)-EM(K=1))1%S(K) /5,
9n CONTINUE
1200 RETURN
END

SUBRTIUTINE INTGRL (XsYsN,sSUM)
DIMENSION X(5C)sY(50)sS(50)sA(5C)sB{50)sC(50)sF(50)sWI(50)sSB{50)
1G({50)sEM(50) s SUMI(50)
C DIMENSION X(5C)sY(50)sS(5C)9sA(50)eB(50)sC(50)sF(50)sW(50)+sSB(50),
C 1G(50)sEM(50) 4SUM(5C)

DO 10 1=24N

1) stl)y=x(IV=-XtI-1)
NO=N-1
DO 20 1=2,ND
A(IN=S5(11/6.C
BI)=(S(I)+S(I1+1))/3.0
ClIN=S(I1+1)/6.0

20 FAI)=(Y(I+1)=Y(I))/SOTI4+1)=(Y(I)=Y{(I=1))/S(])
A(N)Y=-,
B(1)=1,0
B(N)=1.0
Cll)==45
F(l1)=040
FIN)=0.,0
wil)y=81c1)y
SB(1)=Cl1)y/w(l)
G(1)=0,C
DO 30 1=2N
WIT)Y=B(I)=-A(1)%SB(I-1)
SE(I)=C(IYy/W(])

30 GIIY=(F{I)=A(1Y*C(I-1))/W(I)
EMIN)=G(N)
DO 40 1=24N
K=N+1-1

40 EMK)=G(K)=SB(K)Y¥EM(K+1)
SUM(1) =0.¢C
DO 50 X=24N

50 SUMIK) = SUM{K=1)4+S{K)I*#(Y(KI4Y(K=1))/2e0-S(K)®*%¥3%(EM(K)+FM(K-1))/2
1440
FETURN
END

The subroutine LININT performs linear interpolation of a function of two
variables. It is used here tc obtain interpolated values of normal blade
thickness t, from a table of thickness values given as input. The calling
sequence for LININT is as follows:

CALL LININT (X1,Y1,X,Y,TN,MX,MY,F)

where
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X1 input, x-coordinate of point for which interpolated function valve is
desired

Yl input, y-coordinate of point for which interpolated function value is

desired
X input array, x-coordinates at which function values are specified
Y input array, y-coordinates at which function values are specified

TN input two-dimensional array, function of x and y, first subscript
refers to x-coordinate

MX input, number of x values given
MY input, number of y values given
F output, interpolated value

The subroutine LININT is as follows:

SUERDUTINE LININTIX1sY1sXsYsTNsMXsMY,F)
CNMMAaN ¥
DIMENSTION X(MX)sY(MY) s TN(MX MY
DB 10 J3=1,MX

10 IF(X1eLESX(J3))IGO TO 20
J3=MX

20 DO 30 J4=1,MY

30 IF(Y1leLEaY{U4))GO TO 40
Ja4=MY

40 Jl=J3-1
J2=J4-1
EPS1=(X1-X(J1)) /(X (J3)=X{J1})
ERPS2=(Y1=-Y(J2))y /(Y (J4)=-Y(J2))
EPS3=1.-EPS1
ECS4=1,~FPS2
F=TN(J1sJ2)*EPS3*EPSA4+TN(U3 3 J2) *EPSI*EPS4+TN (U1 J4 ) ¥EPS2XEPS 34+
1TN(J3 9 J4) ¥EPS1*EPS2
[IF{KeEQel4) WRITE(Gs1IX1sY19F9J19sJ2sEPS]1,ERSD

1 FORMAT (8H LININT3F1045+21352F10e5)
¥=0
RETURN
END

The subroutine CONTIN is used to predict the hub veloclity to be used in
the next 1teration to satisfy continuity of flow (eq. (6)) between hub and
shroud. An initial estimate 1s furnished by the main program, say Wj (see
fig. 12). CONTIN furnishes the next estimate W2 by linear interpolation or
extrapolation from the origin. Subsequent estimates are obtalned by linear
interpolation from the two previous estimates.
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~ Solution
/

/
~Total weight flow (actual) /
/

‘ Computed total
weight flow —

Total weight flow

W, Wi W,
Assumed relative velocity on hub

Figure 12. - Method used by subroutine CONTIN to determine reiative hub velocity.

If there 1s choked flow,
there 1s no solution of equa-
tion (1) that will also satisfy
continuity (eq. (6)). In this
cagse, CONTIN will find the hub
velocity that glves the maximum
calculated welght flow. It
should be noted that CONTIN
does not calculate the weight
flow; this 1s calculated by the
main program. CONTIN stores
informatlon from up to three
previous lterations to assist
1n predicting the next value
to be used for the hub velocity.
The calling sequence for CONTIN
1s as follows:

CALL CONTIN (WA,WTFL,IND,I,WT)

where

WA input and output; as input, hub relative velocity used to calculate
latest welght flow and as output, velocity used for next iteration

WIFL input, calculated weight flow based on input value of WA

IND input and output; main program sets IND = 1 to indicate start of weight-
flow calculation for new quasi-orthogonal and CONTIN changes value of
IND for following iterations to indicate procedure followed in calcu-

lating new hub velocity

I input,
statement if there is choked flow

WT input, total weight flow

The subroutine CONTIN is as follows:

SURROUTINE CONTIN (WASWTFLsINDs»IoWT)
DIMENSTION SPFED(3),WEIRHT(3)

125 GO TO (140,15C,21Cs27Ns370)IND
14N SPEED(1) = WA

WEIGHT (1) = WTFL

WA = WT/WTFL*WA

IND = 2

RETURN

150 IF ((WTFL-WEIGHT(1))/(WA-SPEEDI(1)))
160 SPEED(2) = WA

WA = (WT=-WTFL)/(WTFL-WEIGHT (1))

1 *¥(WA=SPFFDI(1))+WA
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161
162

1€3

166

170

182

lon

200

210

220

23¢
240
245
250

270
280
290
300

[F (ARS(WA=-SPEEN(2))1=-17N,0) 1664166,1A1
IF(WA-SPEED(2))163,163,162
WA = SPEED(2)+4100.0

GJ T8 166

WA = SPFED(2)-100.0

SPEED(1) = SPEFDI(2)

WETGHT (1) = WTeL

RETURN

WRITE (6,100C) TsWTFL

IND = 6

RETURN

IND = 23

IF (WTFL.GE«WT) GO TO 14

I[F (SPFED(1)Y-WA) 190,200,200

SPEED(2) = SPEFDI(1)
SPEED(1) = 2.C*SPEED(1)-WA
SPEED(3) = WA

WETGHT(2) = WEIGHT(1)
WEIGHT(3) = WTFL

WA = SPEED(1)

RETURN

SPEED(2) = WA

SPEED(3) = SPEFD(1)
SPFED(1) = 2.0%WA-SPFEN(1)

WEIGHT(2) = WTFL

WEIGHT(3) = WEIGHT(1)

WA = SPEED(1)

RETURM

WETGHT (1) = WTFL

[F (WTFL.GFawWT) GO TO 14

TF (WETCGHT(1)-WEICHT(2)) 2305380,220

WETGHT(2) = WELGHT(2)

WETGHT(2) = WEIGHTI(1)

SPEFD(3) = SPEFD(2)

SPEED{2) = SPEED(1)

SPEED(1) = 2.C*#SPEED(2)-SPEED(3)
WA = SPEFDI(1)

RETURN

IF (SPEED(3)-SPFED{1)=10.0}) 170,170,240
IND = 4

IF (WEIGHT(3)-WFICHT(1)) 260s2604250

WA = (SPEED(1)+SPEEC(2))/2.0

RETURN

WA = (@PEED(3)4SPEFD(2)) /2.0

RETURN

IF (SPEED(2)-SPFED(11-10.0} 170+170s280
IF (WTFL-WEIGHT(2)) 32C+350,290

IF (WA-SPEED(2)) 310,300,300

SPEED(1) = SPEEDI(2)

SPEED{2) = WA

WEIGHT (1) = WEIGHT(2)

WEIGHT(2) = WTFL
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GO T 245

210 SPEED(2) = SPEFDI(2)}
SPEFD(2) = WA
WETGHT(3) = WEIGHT(2)
WEIGHT (2) = WTFL
GO TO 245

220 IF (WA=-SPEED(2)) 340+230,330

230 WEIGHT(3) = WTFL
SPZED(?) = WA
GO TC 245

2N WEIGHT (1) = WTFL
SPEED(1) = WA
GO 710 245

250 IND = 5
IF (WA-SPEEDI(2)) 380+3604+26C

260 SPEED(1) = SPEED(2)
WETGHT (1) = WEIGHT (2}
SPEED(2) = (SPFEN(1)+QDFEEN(2)) /2,
WA = SDFED(2)
RETURN

R7C IND = 4
WEIGHT (2) = WTFL
WA = (SPEED(1)+SPEED(2)) /2.0
RETURN

22y IND = *~

2N WEIGHT (2) = WFIGHT(2)
SPEFDR(3)Y = SPEFD(2)
SPEFDI2) = (SPFFD{1I4SOPEEN(2)) /2.
WA = SPEFD(2)
RETURN

1000 FORMAT (/124 FIXED LINF I2+12Hs MAX WT = F1lN46)
END

Sample Output from Program

The output given here is the listing for the case used in the numerical
example. It will be noted that there 1s an exact listlng of all 1nput data
cards at the beginning of the listing. This 1s followed by the maximum calcu-
lated streamline change for each iteration, which is used as the criterion for
convergence, After 47 lterations, there is convergence within the specified
1limit of 0.00l-inch maximum streamline change. At thls time, streamline co-
ordinates are printed together with the velocity and pressure at each point.
This is followed by another iteration to give additional Information of inter-
est, such as «, B, and the parameters A, B, C, and D from equation (2).
Since 1t indicates the smoothness of the streamline at a glance, the streamline
curvature is also printed out. The velocities and the pressures are computed
again on the final iteration so that the variation of these quantities on the
final iteration can be checked.
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RUN mNd.
1O 11
¢ 0
13 2
0.3000
0.5130
o.
0.7300
2.2500
1.4785
2.2500
0.6800
0.
-U.0517
-0.1000
0.6000
0.3850
0.1750
0.3750
0.1650
0.3650
0.1550
0.3550
Uel460
0.3450
0.1360
0.3330
0.1270
C.3200
0.1170
0.3100
0.1C70
0.3000
0.0980
02800
0.0880
0.2510
C.0790
0.2230
0.0700
0.1940
0.0600
Uel660
0.0500
0.1370
0.0400
C.0300
0.0800
0.0200
-0.1000
0.6000
0.6500
1.3500
2.0500

1

-0 0
2 1
0.3400
0.9100

-O'OZ7U
0.9100
2.0520
le4751
2.0180
0.6750
O.

-0.0972
O
C.7000
0.3580
0.1500
0.3450
0.1400
0.3330
Oe.1310
0.3210
01210
0.3100
0.1130C
0.3000
0.1040
0.2900
0.0850
0.2790
0.0870
0.2680
J.01790
C.2570
0.0730
02460
0.0670
C.2230
0.0610
J. 1940

-0
C.l6060

-0
0.1370

—Oo
0.10%0

0.
C.0800

-Oa
O.
0.7000
0.7500
1.4500
2.1500

INPUT DATA CARD LISTING
L7 13 53%0.0000

592.0000
1.000C
0.3948
1.0000

-0.0530
1.0400
1.8610
l.4750
1.7630
0.6750
0.

-0.1632
0.1000
0.8000
03220
0.1280
0.3110
0.1190
C.3000
U.1100
0.2900
0.1010
0.2830
0.C930
0.2690
0.0860
0.2580
0.0780
Ce24170
0.,0730
0.2360
0.068C
02240
0.0620
0.2130
0.0570
€.2020
0.0520
U.1900

_Oo
0.1660

-0.
0.1370

-0
0.1090

~-0.
0.0800

‘0.
0.1000
0.8000
0.38500
1.5500
22500

0.9840
155.3000
-1.0000
0.4810

-J.0540

1.6800

l.4120

-0.0004
~Ua2487
02000
C.9000
0.2900
C.1040
0.2800
0.1000
0.2700
V.0%20
Je2 590
J. 850
02460
0.0790
0.2380
0.0730
0.2270
J0.0680
02150
Ued06Z0
Ue2040
0.0580
01930
Ve CH40
C.l82U
J.0500
C.l700
UaU4060
C.1590
-0
Je1430
-0
D.1370
-U.
0.109D
_Oo
Us W BAU
-0
0.2000
0.9000
C.9500
1.6500

13.0000
0416941
=35.0000
0.5412

0.0090
1.6000
1.2080

-0.0027
-0.3512
0.3000
1.0000
0.2600
0.0820
Oe b0
0.0840
0.2400
J.0780
0.,2290
00730
0.2190
0.0690
0.2080
Ve U630
0.1970
0.,0590
Ue 1860
0. U550
0.17%0
00510
Jel640
00470
001550
00450
0.1419
0430
O.1300
"Oo
Jell8O
-0
01060
-0
00930
0.
De 8O0
_Oo
C.30C0
1.0000
1.0500
1.7500

l .4UJU
0.0010
l.7500
0.6193
Del370
1.5341]
1.0010

0.0090

=0.46640

J.400)
1.1000
Na?2300
Je G790
0.2200
0.0740
Ue21U0
0,0690
0.,2000
DaN6G40
Dein90
J3.05%90
Je 17930
Ja US6N
N. 1680
J.0520
Del®v70
Ve 0490
Q1470
D.0460
Jel 360
e (143
Dell40
JeU400
J.1139)
DINVENES]
Jaludo
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DI E Y]
D

0.0800
e

De0TUD
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Je

UVeubU)
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Da.4900
Le vy
1.1500
1.38500

1715.0000
2.5000
O. 100D
0.70R9)
Ueal1ND
1.4960
V7730

-0.0240
0a5000)
0.2010
ND.1910
O.1810
0.1710
0.1610
0.1509
0.140"
01390
0.1209
0.1100
0.1009
0.0890
Ue.0790
J.0690
J. 0590
0.0500
0.0400
0.5%000

1.2500
1.95090
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STAG. SPtED CF SOUND AT INLET = 1192.22

ITERATION NU 1 MAX. STREAMLINE CHANGE = 0.2221213
ITERATIUN NO. 2 MAX. STIREAMLINE CHANGE = 0.20dlo3
[TERATIUN NUs 3 MAX. STREAMLINE CHANGE = 0.184211
[ITERATIUN NO. & MAX. STREAMLINE CHANGE = 0.161841
ITERATIGN NO. 5 MAX. STREAMLINE CHANGE = 0.141914
ITERATIUN NU. 6 MAX. STREAMLINE CHANGE = 0.124332
ITERATIUN NU. 7 MAX. STREAMLINE CHANGE = (0.108987
ITERATIUN NO. 8 MAX. STREAMLINE CHANGE = 0.0795536
ITERATION NU. 9 MAX. STREAMLINE CHANGE = 0.0R4035
ITERATIUN NO. 10 MAX. STREAMLINE CHANGE = 0.073942
ITERATICN Nu. L1 MAX. STREAMLINE CHANGE = 0.7265150
ITERATIUON NO. 14 MAX. STREAMLINE CHANGE = 0.057463
ITERATICN NU. 13 MAX. STREAMLINE CHANGE = 0..50736
[ITERATIUN NU. 14 MAX. STREAMLINE CHANGE = 0.G44821
ITERATIUN NU. 15 MAX, STREAMLINE CHANGE = 0.07330616
ITERATICN NCo 16 MAX. STREAMLINE CHANGE = 0.035032
ITERATICN NO. 17 MAX. STREAMLINE CHANGE = 0.030983
ITERATIUN NOU. L8 MAX. STREAMLINE CHANGE = 0.0227419
ITERATION NO. 19 MAX. STREAMLINE CHANGE = 0.0242617
ITERATICN NG. 20 MAXx. STREAMLINE CHANGE = 0.0214%83
ITERATIUN NU. 21 MAX. STREAMLINE CHANGE = 0.,019073
ITERATIUN Nu. 22 MAX. STREAMLINE CHANGE = 0.016R47
ITERATIUN NO. 23 MAX. STREAMLINE CHANGE = 0.0149/3
ITERATION NU. 24 MAX, STREAMLINE CHANGE = 0.313248
ITERATION NO. 25 MAX. STREAMLINE CHANGE = 0.011771
ITERATIUN NU. 26 MAX., STREAMLINE CHANGE = 0D.010461
ITERATIGN NU. 27 MAX. STREAMLINE CHANGE = 0.009301
ITERATIUN NU. 28 MAX. STREAMLINE CHANGE = 0.004270
[TERATIUN NO. 29 MAX. STREAMLINE CHANGE = 0.007356
ITERATIOGN NU. 30 MAX. STREAMLINE CHANGE = 0.000546
ITERATIUN NU. 31 MAX. STREAMLINE CHANG® = 0.005824
ITERATIUN nNU. 32 MAX. STREAMLINE CHANGE = 0.00%219
ITERATIUN NO. 33 MAX. STRFAMLINE CHANGE = 0.90.610
ITERATION NU. 34 MAX. STREAMLINE CHANGE = 0.u0d413)
ITERATIUN NO. 35 MAX. STREAMLINE CHANGE = 0.0036:2
ITERATIUN NO. 3¢ MAX. STREAMLINE CHANGE = 0.003252
ITERATION NO. 37 MAX. STRLAMLINE CHANGE = 0.0029Z25
ITERATIUN NU. 3o MAX., STREAMLINE CHANGE = 0.002615
ITERATION NU. 39 MAX. STREAMLINE CHANGE = 0.002326
ITERATIUN NU. 40 MAX. STREAMLINE CHANGE = 0.002068
ITERATIUN NU. 4l MAX. STREAMLINE CHANGE = 0.901845
ITERATION NU. 42 MAX. STREAMLINE CHANGE = 0.001645
ITERATIUN NuU. 43 Max, STREAMLINE CHANGE = 7.03)1437
ITERATICN NU. 44 MAX. STREAMLINE CHANGE =  Q0.0U921315
ITERATICN NU. 45 MAX, STREAMULINE CHANGE = Q.0911137
ITERATIUN NU. 40 MAX. STREAMLINE CHANGE = 0.001047
ITERATICEN NU. 47 MAX. STREAMLINE CHANGE - 02.00G941
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